Recently there has been much interest in the tauonic semileptonic meson decays B → D + τ + ντ and B → D * + τ + ντ , where one has found larger rates than what is predicted by the Standard Model. We analyze the corresponding semileptonic baryon decays Λ
− +ντ with particular emphasis on the lepton helicity flip and scalar contributions which vanish for zero lepton masses. We calculate the total rate, the differential decay distributions, the longitudinal and transverse polarization of the daughter baryon Λ + c and the τ lepton, and the lepton-side forwardbackward asymmetries. The nonvanishing polarization of the daughter baryon Λ + c leads to hadronside asymmetries in e.g. the decay Λ + c → Λ 0 + π + and azimuthal correlations between the two final-state decay planes which we specify. We provide numerical results on these observables using results of the covariant confined quark model. We find large lepton mass effects in the q 2 spectra and in the polarization observables.
I Introduction
Recently there has been much discussion about tensions and discrepancies in some of the experimental results on leptonic, semileptonic and rare decays involving µ and τ leptons with the predictions of the Standard Model (SM . The situation has been nicely summarized in Refs. [1] [2] [3] [4] . The biggest discrepancies with SM predictions have been reported by the BaBar [5] and the Belle collaborations [6, 7] for the decays B → D ( * ) τν τ . The discrepancy with the SM results has been summarized in Ref. [8] by comparing the SM predictions for the ratios
with the experimental results combined from Babar and Belle. The SM predictions were found to be smaller than the measurements by almost 3. 
This observation has inspired a number of searches for new physics beyond the SM (BSM) in charged current interactions. These include the addition of new effective vector, scalar and tensor interactions in addition to the standard V − A interaction. Details can be found in the recent literature on this subject (see, e.g. Refs. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] ). [22] [23] [24] , we describe the semileptonic decays using the helicity formalism which allows one to include lepton mass and polarization effects without much additional effort.
We calculate the total rate, the differential decay distributions, the longitudinal and transverse polarization of the daughter baryon and lepton-side forward-backward asymmetries. The nonvanishing polarization of the daughter baryon Λ + c leads to hadron-side asymmetries in e.g. the decay Λ + c → Λ + π + and azimuthal correlations between the two final.state decay planes which we specify. We provide numerical results on these observables using results of the covariant confined quark model.
We have split the paper into a model-independent and a model-dependent part. In the first part of the paper, we set up the model-independent helicity analysis leading to compact expressions for angular decay distributions and polarization observables. In the second part, we discuss the dynamics of the current-induced Λ b → Λ c transitions in terms of the covariant confined quark model and present our numerical results.
The paper is organized as follows: In Sec. II, we briefly review the helicity formalism for the Λ b → Λ c transitions and write down the relations between the helicity and invariant transition amplitudes. In Sec. III, we derive a two-fold angular decay distribution for the three-body decay process Λ 0 b → Λ + c + ℓ − +ν ℓ (ℓ = e, µ, τ ). We define a lepton-side forward-backward asymmetry as well as a convexity parameter which describes the cos θ dependence of the angular decay distribution. In Sec. IV, we determine the longitudinal and transverse polarization components of the daughter baryon Λ In Sec. VI, we present our dynamical input in terms of the covariant confined quark model previously developed by us. We specify the form of the interpolating three-quark currents for the Λ Q baryons which are needed in our calculation. Our numerical results for the invariant Λ b → Λ c transition form factors are presented in terms of simple double-pole rational approximants. In Sec. VII, we present our numerical results for the decay distributions and polarization observables defined in Secs. III-V. Finally, Sec. VIII contains our summary and conclusions. We have collected some technical material in the appendixes. In Appendix A, we use covariant methods to calculate the helicity components of the unpolarized and polarized lepton tensors of the decays W − off−shell → ℓ −ν ℓ and W + off−shell → ℓ + ν ℓ including lepton mass effects. In Appendix B, we present results on the helicity amplitudes for the above two leptonic transitions.
II Invariant and helicity amplitudes
The matrix element of the process Λ
is expressed via the vector and axial vector current matrix elements which can be expanded in terms of a complete set of invariants:
where σ µν = i 2 (γ µ γ ν − γ ν γ µ ) and q = p 1 − p 2 . The labels λ i = ± 1 2 denote the helicities of the two baryons. In the present application B 1 = Λ b and B 2 = Λ c .
The SM current is not conserved and thus consists of a superposition of a spin-1 and a spin-0 component where the J P content of the vector current J V µ and the axial vector current J A µ are (0 + , 1 − ) and (0 − , 1 + ), respectively. One defines helicity amplitudes through
where there are four helicities for the W − off−shell , namely λ W = ±1, 0 (J = 1) and λ W = 0 (J = 0). The label J = 1, 0 denotes the two angular momenta of the rest frame W − off−shell . In order to distinguish the two λ W = 0 states we follow the convention of Refs. [23, 24] and adopt the notation λ W = 0 for J = 1 and λ W = t for J = 0 (t for temporal). From angular momentum conservation, one has
It is easiest to calculate the helicity amplitudes in the rest frame of the parent baryon B 1 , where we choose the z-axis to be along the W − off−shell (see Fig. 1 ). They read (see e.g. Refs. [25] [26] [27] )
where we make use of the abbreviations M ± = M 1 ± M 2 and Q ± = M 2 ± − q 2 . From parity or from an explicit calculation, one has
The total left-chiral helicity amplitude is defined by the composition
The polarization observables to be discussed further on can be expressed in terms of helicity structure functions given in terms of bilinear combinations of helicity amplitudes. The definitions of the structure functions are collected in Table I . Eleven of these contribute to the partial rates and polarization observables discussed in this paper. For the sake of completeness, we have also listed the structure function H ST , which enters in the description of polarized Λ b decay which we, however, do not discuss in this paper.
The helicity structure functions have definite parity properties as indicated in Table I . The first and second columns of Table I list the parity-conserving (p.c.) and parity-violating (p.v.) bilinear combinations of helicity amplitudes, respectively; i.e., the p.c. and p.v. helicity structure functions result from products of V V and AA, and V A and AV currents, respectively.
The vector and axial vector helicity amplitudes possess simple structures in the kinematical limits of zero and maximal recoil. At the zero recoil point q 2 → (M 1 − M 2 ) 2 , one has only s-wave transitions (conventionally called allowed Fermi and allowed Gamow-Teller transitions, respectively). The surviving helicity amplitudes are We have gone to great lengths to describe the limiting values of the structure functions at both ends of the kinematical q 2 range. These limiting values allow us to understand most of the the limiting behavior of our numerical results on the polarization observables at zero recoil and maximal recoil to be discussed in Sec. VII. Similar limiting relations have been discussed before in Ref. [29] for the zero lepton mass case.
The helicity amplitudes H λ2,λW are a superposition of vector and axial vector pieces and thus do not have definite parity properties. One can project back to the vector and axial vector helicity amplitudes by defining the transversity amplitudes [30] :
From Eq. (18), one can see that the transversity amplitudes have definite transformation properties under parity, e.g.
For the structure functions in Table I , one obtains e.g.
The transversity amplitudes correspond to the Cartesian components of the helicity amplitudes. The parity properties of the various structure functions in the transversity representation are clearly manifest. They are identical to those in the helicity representation where they are not quite manifest.
III Twofold angular decay distribution
We first consider the three-particle decay Λ
ℓ , and p 2 ν ℓ = 0. At the present stage we sum over the helicities of the parent and daughter baryon. The three-body decay can be described in terms of the invariant variable q 2 and the polar angle θ defined in Fig. 1 .
where
is the momentum of the daughter baryon in the Λ b rest frame. The lepton tensor L µν can be calculated as (see Appendix A)
where ε 0123 = +1. The hadron tensor H µν is given by the tensor product of the chiral matrix elements
where the vector and axial vector matrix elements are defined in Eq. (4). The cos θ dependence of H µν L µν (θ) can be worked out by following the methods described in Ref. [22] [23] [24] and later on adopted by Fajfer et al. [15] in their analysis of BSM effects in the decaysB → D ( * ) τν τ . Note that the cos θ dependence can also be worked out by using traditional methods by a straightforward contraction of H µν L µν (θ). This leads to expressions involving scalar products of momenta that are defined in different reference frames. When doing the required contractions, the four-momenta have to be boosted to a common reference frame as e.g. described in Ref. [31] for the decay H → Z 0 ℓ + ℓ − and in Ref. [32] for the decay K ± → π ± π 0 e + e − . The advantage of the helicity method is that the origin of the angular factors multiplying the helicity structure functions can be straightforwardly identified. One makes use of the completeness relation for the polarization four-vectors
The tensor g mm ′ = diag(+, −, −, −) is the spherical representation of the metric tensor, where the components are ordered in the sequence m, m ′ = t, +, 0, −. Using the completeness relation (23) , one can rewrite the contraction of the hadron and lepton tensors H µν L µν (θ) as a sum over products of their respective helicity components. Appropriate to the problem, we replace the labels (m, m ′ ) with the helicity components (λ W , λ
The two factors enclosed by round brackets in the third line of Eq. (24) are Lorentz invariant and can thus be evaluated in different Lorentz frames. The leptonic part will be evaluated in the (ℓ, ν ℓ ) CM frame (or W off−shell rest frame) with the positive z axis along the W off−shell bringing in the decay angle θ. The hadronic part is evaluated in the Λ b rest frame bringing in the helicity amplitudes [Eq. (7)].
The product of the two spherical metric tensors g λW λW g λ ′ W λ ′ W in the last line of (24) gives +1 for λ W = t, λ
there is an extra minus sign for the spin 0-spin 1 interference contribution. We can therefore rewrite the last line of Eq. (24) as
where the sum is over λ W , λ ′ W = t, ±1, 0. Note that, through the choice of the "t" notation, the dependence of
Referring to the factorized form Eq. (22), the helicity representation of the hadron tensor can also be written in terms of bilinear products of the helicity amplitudes, i.e.
where the three helicities of the process satisfy the angular momentum constraint
One has to remember that Eq. (20) refers to the differential decay rate of an unpolarized parent baryon into a daughter baryon whose spin is not observed. Together with the angular momentum constraint 
where the delta function δ λ2−λW ,λ2−λ ′ W encodes the fact mentioned above that we are dealing with the decay of an unpolarized parent baryon B 1 into a daughter baryon B 2 whose spin is not observed. The helicity components of the lepton tensor
One can go one step further and express the leptonic helicity tensor L λW λ ′ W (θ) in terms of the leptonic helicity amplitudes h λ ℓ λν ℓ =1/2 (J) defined in Appendix B. They describe the decay W − off−shell → ℓ −ν ℓ , where the z-direction is along the charged lepton ℓ − . We shall refer to this frame as the W -decay frame. Then one has to rotate the leptonic helicity amplitudes defined in the W -decay frame to the original z-direction employing Wigner's d J mm ′ (θ) functions (as in Ref. [33] we use the convention of Rose [34] for the d-functions). One then has (d 0 00 = 1)
The leptonic helicity amplitudes h λ ℓ − 1/2 (J) have been calculated in Appendix B. We mention that the representation (28) has been used to check the results of the covariant determination of L λW λ ′ W (θ) used in (27) . Returning to the representation in Eq. (27) , one finds using the results of Appendix
with
The first three terms in (30) result from lepton helicity nonflip (nf ) contributions, while the last four terms proportional to δ ℓ are lepton helicity flip (hf ) contributions, where the helicity flip suppression factor is given by (see Appendix B)
It is interesting to note that of the two observables H P and H SL that multiply the parity-odd angular factor cos θ in Eq. (30), H P is parity violating whereas H SL is parity conserving (see Table I ). In the latter case, the parityodd nature results from the parity-even but parity-odd interference of the (0 + , 1 − ) pieces in the (V V ) term and the (0 − , 1 + ) pieces in the (AA) term. Integrating over cos θ and putting in the correct normalization, one obtains the normalized differential rate, which reads
In (32), we have introduced the Born term rate
The rate Γ 0 represents the SM rate of the decay of a massive parent fermion into three massless fermions, i.e.
= 0. The q 2 -dependent factor multiplying Γ 0 in Eq. (32) can be seen to be integrated to 1 for these mass and form factor settings.
It is convenient to define partial rates dΓ X /dq 2 and d Γ X /dq 2 for the helicity nonflip (nf) and helicity flip (hf) helicity structure functions H X defined in Table I . dΓ X /dq 2 refers to a lepton helicity nonflip (nf ) rate, while d Γ X /dq 2 refers to a lepton helicity flip (hf ) rate. One has
The partial rates can then be split into a helicity nonflip (nf ) and helicity flip (hf ) part according to
It is clear that the (un-normalized) longitudinal polarization of the charged lepton for a given helicity structure function H X is then given by
The distribution Eq. (30) is given in terms of a second-order polynomial in cos θ. The linear term results in a forward-backward asymmetry defined by
The quadratic term can be isolated by taking the second derivative of (30) . We therefore define a convexity parameter C F (q 2 ) according to
IV Polarization of the daughter baryon Λ c and the charged lepton ℓ
−
The polarization components of the daughter baryon B 2 (B 2 = Λ c in the present application) can be obtained from the spin density matrix of the daughter baryon. In Eq. (27) we have taken the sum over helicities of the daughter baryon B 2 or, put in a different language, we have taken the trace of the polarization density matrix ρ λ2 λ ′ 2 of the daughter baryon B 2 . In order to calculate the polarization components of the daughter baryon, we need to consider the polarization density matrix components (ρ 1/2 1/2 − ρ −1/2 −1/2 ) for P z and 2Reρ 1/2 −1/2 for P x ; i.e., we have to allow for λ 2 = λ ′ 2 in Eq. (27) . According to Eq. (27) the un-normalized density matrix components of the daughter baryon B 2 read
The polarization can be seen to be cos θ dependent. Instead of considering the full θ-dependent polarization components we take the mean of P x (θ) and P z (θ) with regard to cos θ. One obtains
The corresponding θ-dependent expressions are written down in Sec. IV. In the zero lepton mass limit, the charged lepton ℓ − is 100% polarized opposite to its momentum direction (i.e. it has negative helicity). Lepton mass effects bring in helicity flip contributions which can considerably change the magnitude of the polarization | P ℓ | and its orientation. In Appendix A we have calculated the lepton's polarization components P ℓ x (θ) and P ℓ z (θ). Again, we consider only the cos θ averaged polarization. Using the results of Appendix A, one finds
The corresponding θ dependent components can be obtained from Appendix A. The longitudinal polarization P ℓ z (q 2 ) can be seen to have the rate structure (Γ(hf ) − Γ(nf ))/(Γ(hf ) + Γ(nf )) in agreement with Eq. (42) . Note that the scalar-longitudinal piece H SL in (42) contains an extra minus sign resulting from the factor (−1)
When calculating the q 2 averages of the components of P h and P ℓ , one has to reinstate the common q 2 -dependent factor (q 2 − m 
V Fourfold angular decay distribution
In the previous section, we have calculated the polarization of the charmed baryon Λ 
(−1)
where the θ-and χ-dependent leptonic helicity tensor L λW λ ′ W (θ, χ) is given in Appendix A. For computer processing, we have taken a slight variant of (43) where we drop the "λ W = t" convention and make up for this by introducing an explicit (J, J ′ ) dependence for the hadronic and leptonic helicity amplitudes. Also, we express the leptonic helicity tensor L λW λ ′ W (θ, χ) in terms of rotated products of leptonic helicity similar to (28) but now including also the azimuthal rotation. One has
Our master formula for the general angular decay distribution then reads
The summation is performed over the following set of the indices:
where, in the present application, B 1 = Λ b , B 2 = Λ c and B 3 = Λ. Note that the set (46) does not contain a summation over λ W = t because this is now replaced by the sum over J, J ′ . As before, the Kronecker symbol
in Eq. (43) expresses the fact that we are considering the decay of an unpolarized Λ b . We have also introduced a second Kronecker symbol in Eq. (43), which expresses the fact that the parent baryon is a spin-1/2 particle, implying (43) to the case of a decaying polarized Λ b , as has been done in corresponding baryonic cascade decay calculations in Refs. [26, 33, [35] [36] [37] [38] .
After factoring out the Λ
where the polarization asymmetry α B of the decay Λ
In order to be able to also discuss the decays Λ 
We exploit the CP properties of the relevant helicity structure functions. One has
This 
. Some of the helicity structure functions multiply the same angular factors. To separate them, one also has to take into account the dependence on the factor δ ℓ (q 2 ). In Eq. (43) we have summed over the helicity labels of the lepton; i.e., we have taken the trace of the respective spin density matrix. By leaving the respective helicity labels unsummed, one can then obtain the (θ, θ B , χ)-dependent polarization of the lepton including the result Eq. (42) 
where we have factored out the unpolarized rate expression W (θ) = 3/8 (2q
When integrating the polarization components P Since our model amplitudes are real, and since we are not considering CP -violating effects inasmuch as V cb is real, we have omitted a possible contribution proportional to P y (θ) α B sin θ B sin χ in the second line of the distribution (50) . The perpendicular polarization component P y (θ) is contributed to by the absorptive counterparts of the dispersive structure functions H LT , H LTP and H STP . They are Im(H + ), including also possible CP -odd phases. The three absorptive observables correspond to T -odd observables. The angular factors projecting onto them can be seen to correspond to T -odd momentum products (see Ref. [33] ). We emphasize that there are no absorptive parts originating from our two-loop calculation since we have incorporated confinement from the beginning; i.e., the perpendicular polarization component P y (θ) is zero in our model.
The last term in the round bracket of Eq. (50) proportional to P h x (θ) describes the azimuthal dependence of the decay rate. After cos θ B -and cos θ-integration Eq. (50) allows one to define an azimuthal asymmetry parameter
The advantage of the Λ + c → Λ 0 + π + mode discussed in this section is that its analyzing power is close to maximal with α B = −0.91 ± 0.15 [39] . A disadvantage of this mode is that the Λ 0 is rather long lived, with a lifetime of τ Λ = 2.63 · 10 −10 s [39] , meaning that at the LHC many of the final state Λ's decay outside of the e.g. LHCb detector such that the decays Λ 0 → pπ − , nπ 0 cannot always be reconstructed. This will become even worse in run 2 of the LHC when the energy, and thus the average energy of the final-state Λ's, will increase. The optimal place to look for the decay chain Λ b → Λ c → Λ would be for Λ b 's produced at the GigaZ@ILC option.
Other decay channels of the Λ c with comparable branching ratios larger than 1 % are Λ c → Λℓ + ν (−0.86±0.04 [39] ), pK 0 (−1 [40] ), Σ + π 0 (−0, 45 ± 0.31 ± 0.06 [39] ; 0.71 [40] ), Σ 0 π + (+0.70 [40] ), pK * 0 (+0, 69 [41] ), pK 
VI The transition form factors in the covariant confined quark model
We shall use the covariant confined quark model previously developed by us to describe the dynamics of the currentinduced Λ b = (b [ud] ) to Λ c = (c[ud]) transition (see Refs. [25, 26, 42] ). The starting point of the model is an interaction Lagrangian which describes the coupling of the Λ Q -baryon to the relevant interpolating three-quark current. One has
The vertex function F ΛQ is chosen to be of the form
where Φ ΛQ is a correlation function involving the three constituent quarks with coordinates x 1 , x 2 , x 3 and with masses m 1 , m 2 , m 3 . The variable w i is defined by 
The values of the size parameters are taken from our previous papers [25, 26] :
The results of our numerical two-loop calculation are well represented by a double-pole parametrization
with high accuracy: the relative error is less than 1%. In Fig. 2 we display a comparison of the exact results for the relativistic form factors F The dominant form factors are F V 1 (q 2 ) and F A 1 (q 2 ) with very similar q 2 dependencies. Inasmuch as one can neglect the other form factors, the results of our model calculation are very close to the leading-order HQET result
2,3 = 0 discussed in Sec. II. In fact, our numerical results to be discussed in Sec. VII are quite close to what would be expected in leading-order HQET.
Let us take a closer look at the q 2 dependence of the form factors
. Their q 2 dependence is very close to a dipole behavior, since one has √ b ∼ a/2 in both cases with a dipole mass m dipole = M 1 / a/2 ∼ 6.6 GeV. The dipole mass is quite close to the expected (bc) mass scale of 6.28 GeV set by the B c -meson mass [39] . Next, we look at the near zero recoil behavior of F V 1 (q 2 ) and F A 1 (q 2 ). In order to investigate the near recoil zero behavior of the form factors, we switch to the variable w = (M
The Taylor expansion of any given function f (w) around the zero recoil point w = 1 reads
where ρ 2 is called the slope parameter and c is the convexity parameter. It is not difficult to express the parameters f (w = 1), ρ 2 and c via the original parameters F (0), a and b used in the double-pole parametrization Eq. (58). One finds +0.72 −1.00 (syst) [43] . There are no experimental results on the convexity parameter yet. There are a number of theoretical model calculations for the slope parameter of the Λ b → Λ c transitions, many of which scatter around ρ 2 ≈ 1.5 [44] [45] [46] [47] [48] [49] [50] [51] [52] . A value around 1.5 is expected from the spectator quark model relation ρ 
VII Numerical results
We shall present numerical results for the two cases ℓ − = e − and ℓ − = τ − . The results for the µ − mode are almost identical to those of the e − mode and will not be listed separately. The dynamical input in terms of the covariant confined quark model has been specified in Sec. VI. We use the mass values M Λ b = 5.6195 GeV, M Λc = 2.2864 GeV and m τ = 1.7768 GeV [39] .
In Fig. 3 , we display the q 2 dependence of the partial differential rates dΓ U /dq 2 , dΓ L /dq 2 and the total differential rate dΓ U+L /dq 2 for the e mode. The transverse rate dominates in the low recoil region while the longitudinal rate dominates in the large recoil region. The longitudinal and thereby the total rate shows a step-like behavior close to the threshold q 2 = m 2 e . Figure 4 shows the corresponding plots for the τ mode including the partial flip rates
We also show the total differential rate (dΓ U+L /dq
. The behavior of the longitudinal and scalar partial flip rates can be seen to be quite close to the HQET result
The helicity flip rates are smaller than the helicity nonflip rates but contribute significantly to the total rate.
In Fig. 5 , we show the q 2 dependence of the lepton-side forward-backward asymmetry A In Fig. 6 , we display the q 2 dependence of the convexity parameter C F defined in Eq. (39) . At zero recoil, C F goes to zero for both modes due to the zero recoil relation H U = 2H L [see Eq. (12)]. For the e mode, one finds C F → −1, 5 at maximal recoil due to longitudinal dominance, while C F → 0 for the τ mode at maximal recoil q 2 = m 2 τ due to the overall factor (1 − 2δ) in Eq. (39) . In the τ mode, the convexity parameter remains quite small over the whole accessible q 2 range, implying a near straight-line behavior of the cos θ distribution. In the e mode C F can become large and negative, which implies that the cos θ distribution is strongly parabolic in terms of a downward open tilted parabola.
In Figs. 7 and 8 we show the longitudinal and transverse polarization components of the Λ c defined in Eq. (41). For the e mode the longitudinal polarization goes to zero at zero recoil since H P = H LP = H SP = 0 at zero recoil [see Eq. (12)]. At maximal recoil, P 
For the e mode, one has P h x = 0 at zero recoil which follows from longitudinal dominance at zero recoil. The transverse polarization is considerably reduced going from the e mode to the τ -mode. The magnitude of the Λ c polarization shown in Fig. 9 is quite large for the e-mode and smaller for the τ -mode. The maximal recoil values reflect the corresponding d P h x /d q 2 limits in Fig. 8 , since the z-components are zero at maximal recoil. In Figs. 10 and 11 , we show the q 2 dependence of the longitudinal and transverse polarization component of the charged lepton. In the case of the electron, the two curves reflect the chiral limit of a massless lepton in which the lepton is purely left-handed. The behavior of the two polarization components in the τ mode is distinctly different. The longitudinal polarization is reduced from −1, while the transverse polarization can become quite large towards maximal recoil. At zero recoil, the transverse polarization of the charged lepton P τ x tends to zero in agreement with the vanishing of H P and H SL at zero recoil [see Eq. (12)]. The total polarization of the lepton shown in Fig. 12 is maximal in the e mode and somewhat reduced but still quite large in the τ -mode.
Below we present our predictions for the semileptonic branching ratios of the Λ b and Λ c and compare them with data. Consideration of both modes is sufficient to fix the model parameters of the Λ c -constituent quark mass m c and the size parameter Λ Λc . We have used the value for the Λ b lifetime from the new edition of the Particle Data Group (PDG) [39] 
6.9 6.5
The numbers in Table II From the partial rates in Table II , we can compile the total rate. Again, we list the partial and total rates in units 
The numbers show that the partial flip rates make up 34.2 % of the total rate, where the biggest contribution comes from the scalar rate with 20.4 %. Next, we give the values of the integrated quantities -forward-backward asymmetry < A F B >, the asymmetry parameter < α >, the convexity parameter < C F >, and the hadronic < P h x,z > and leptonic < P ℓ x,z > polarization components calculated in the model. These can be obtained from the nonflip and flip rates collected in Table II . For example, one has 
Note that the mean of the azimuthal asymmetry parameter < γ > defined in (52) is related to < P h x > by < γ >= (π/4) < P h x >. When calculating the q 2 averages one has to remember to include the q 2 dependent factor (q 2 − m 2 ℓ ) 2 |p 2 |/q 2 in the numerator and denominator of the relevant asymmetry expressions. In most of the shown cases, the mean values change considerably when going from the e to the τ modes including even a sign change in < A ℓ F B >.
VIII Summary and conclusions
Let us summarize the main results of our paper. We have used the helicity formalism to study the angular decay distribution in the semileptonic decay Λ 
Starting from the angular decay distribution, we have defined a number of polarization observables, for which we have provided numerical results using form factors obtained in the covariant confined quark model. All our results have been presented for the two cases (i) the near mass zero leptons ℓ = e, µ and (ii) the massive τ lepton ℓ = τ . We have demonstrated the case with which lepton mass effects can be included in the helicity formalism. The numerical results for the polarization observables are given in the form of q 2 plots and also in averaged form, where the average has been taken with regard to the lepton-side polar angle cos θ and also with regard to q 2 . We find substantial lepton mass effects in most of the polarization observables. We have also discussed the decayΛ
the angular decay distribution of which is identical to that of the decay Λ
−ν ℓ after implementing the appropriate changes. In our analysis we have assumed that the parent baryon Λ b is unpolarized. The case of polarized Λ b decays would bring in a number of new polarization observables as discussed in corresponding calculations in Refs. [26, 33, 35] .
In our analysis we have remained within the SM. The helicity formalism for the decays presented in this paper easily allows one to include effects beyond the BSM. A generic charged Higgs contribution would populate the scalar helicity amplitudes H V /A + . They would populate all helicity structure functions when interfering with the SM amplitudes except for H S . Depending on the chiral structure of the lepton-side effective currents, the pattern of helicity flip and nonflip contributions to the helicity structure functions would be redistributed. It would be interesting to find out how many of the BSM proposals that have been introduced in the meson sector to explain the tensions with the SM results would have a measurable effect in the baryon sector.
A Unpolarized and polarized lepton tensor
In this appendix we determine the helicity components of the unpolarized and polarized lepton tensor in the Λ b decay system (z axis along the momentum of the off-shell W ) using covariant methods. As shown in Eq. (44) the unpolarized and polarized helicity components in the Λ b decay system can also be obtained by a rotation of the helicity components of the lepton tensor in the W -decay system (z axis along ℓ ∓ ). This provides for a check of the covariant calculation. In the following, the helicity components of the lepton tensor are always given for both the (ℓ −ν ℓ ) and the (ℓ + ν ℓ ) configurations. The latter configuration is needed for the decayΛ
Unpolarized lepton
The unpolarized lepton tensor for the process
where the upper/lower sign refers to the two (ℓ −ν ℓ )/(ℓ + ν ℓ ) configurations. The sign change can be seen to result from the p.v. part of the lepton tensors.
We shall evaluate the lepton tensor components in the W off−shell rest frame with the z-axis along the original momentum direction of the W off−shell (see Fig. 1 ). The polarization four-vectors in the W off−shell rest frame with helicities λ W = t, ±, 0 are given by
The momentum vectors p µ ℓ and p ν ℓ in the same system read (see Fig. 1 )
2 /2 are the energy and momenta of the charged lepton. The helicity components L λW λ ′ W (θ, χ) can then be obtained from the contraction
One obtains (the rows and columns of the matrix are ordered in the sequence (t, 1, 0, −1))
The components L 1−1 (θ, χ) and L −11 (θ, χ) are not probed in unpolarized Λ b decays because of the condition |λ W − λ ′ W | ≤ 1 discussed after Eq. (46) . These two components are, however, probed in polarized Λ b decays. When one integrates Eq. (A5) over the azimuthal angle χ one obtains the quasi-diagonal form
. Finally, integrating Eq. (A6) over cos θ one obtains the diagonal form
Next we calculate the lepton helicity tensorLλ
Wλ ′ W in the W -decay system with the z-axis along the charged lepton. In order to set it apart from the lepton helicity tensor in the Λ b -decay system, we use a hat notation such thatλ W = λ ℓ − λ ν . The components ofLλ
can be calculated as in (A4), but now using
The nonvanishing components read
The helicity components L λW λ ′ W (θ, χ) in the Λ b -decay system can be obtained from theLλ
in the W -decay system by an appropriate rotation. One has
2. Longitudinal polarization P ℓ z
Next we calculate the longitudinal polarization component P z of the charged lepton. The relevant lepton tensor can be obtained from the unpolarized tensor by the substitution p
At present, we shall not consider the χ dependence of the longitudinal polarization component P z . Without loss of generality, one can then set χ = 0 in the representation of the momentum p µ ν ℓ in Eq. (A3) but must compensate by the factor 2π from the trivial χ integration. The four-component spin vector s µ z reads (χ = 0)
which satisfies the conditions s z,µ s
The nonvanisihing helicity componentsLλ 
The helicity components L λW λ ′ W (s z ; θ) in the Λ b -decay system can again be obtained by rotation:
3. Transverse polarization P ℓ x
The lepton tensor relevant for the transverse polarization P x of the charged lepton is obtained from the unpolarized expression by the substitution p 
The nonvanishing helicity components in the W -decay system are obtained by setting θ = 0 in (A17) such that s µ x = (0; 1, 0, 0). One obtains
The lepton tensor helicity components for the two cases are given by (we assume the lepton-side helicity amplitudes to be relatively real) 
Inserting the lepton-side helicity amplitudes, one reproduces the results of Eqs. (A9), (A14) and (A19). The q 2 -dependence of the total lepton polarization | P ℓ |(q 2 ) = (P ℓ x ) 2 + (P ℓ z ) 2 for the e − -(solid) and τ − -mode (dashed).
